Abstract. Rare earth abundances were determined by neutron activation in twenty Hawaiian lavas and one diabase of known chemical and mineralogical compositions. These results demonstrate a systematic relationship between the absolute or relative rare earth abundances and the petroehemistry of these rocks. Three distinct lava groups are recognized. These correspond to: (1) tholeiites, (2) alkali series, (3) nepheline-melilite basalts.
Introduction
Smooth rare earth relative abundance patterns (57La to 71Lu including 39Y) have consistently been observed in crustal rocks. These regularities have been tentatively interpreted as to reflect past chemical history of the rock studied without, however, too much direct evidence in support. It thus remained to show that these regularities were not the product of randomness.
In a preliminary report, concentrating on volcanism, a close relationship between the rare earth fractionation patterns and lava-types was qualitatively demonstrated for a suite of twenty genetically related Hawaiian volcanic rocks, well petrochemically documented (SchILLING and WIZeCH~STER, 1966) . Meanwhile, similar correlations were obtained by BALASHOV and NWSTE~E~KO (1966) ; PAVL~KO et al. (1966) ; MASUDA (1966 MASUDA ( , 1968 , and more recently by H]~RI~MA~r (1968) , for volcanic rocks from the Siberian Platform, Central Armenia, the Japanese Islands and Central Germany respectively. In this report our final results and quantitative correlation between rare earth contents and petrochemistry of these rocks are presented and some genetic relationships briefly discussed.
Samples and Analytical Procedure
The samples analyzed are listed in Table 1 and are described in detail elsewhere (SchILLING, 1966) . The petrology, petrography and genesis of these very same samples have been discussed in great detail in the literature (CRoss, 1915; MACDO~CALD and KATSU~A, 1964; MAcDoIqALD and Powers, 1946 ; Mum and J.-G. SCHILLING, and J. W. WINCHESTER," , 1944); 3. (FAIRB~N et al., 1951); 4. (MAcDoNALD and KATSURA, 1964); 5. (MAcDoNALD and POWERS, 1946); 6. (~r and TILLEu 1961); 7. (PownLL et al., 1965); 8. (Scn~ITT et al., 1963 9. (TILLEY, 1960); 10. (WAsnz~GTON, 1923); 11. (WENTWORTH and TILLEY, 1961; WAShINGTOn, 1923; WE~TWO~T~ and WYNCHELL, 1947; WI~-C~wLL, 1947) . The strontium isotopic composition for the eight samples numbered JP and GF are known (PowELL, FAURV,, and Htrl~LEy, 1965) , as well as for samples 9960, 9961, 9982, 9962, 10396, 9948, 10403 (PoWELL and D]~LO~G, 1966) . The U, Th, Pb content and Pb isotopic composition of samples JP16, JP15, JP10, JP14 are given by TATSUMOTO (1963) under sample number HMc2, HMc3, ItMc4, HMc5 respectively. Finally, all these samples have been analyzed for rubidium and strontium as well as the strontium isotopic composition (BENcw, 1966) , except samples GF-30, the Pele's Hair, and Hualalai alkali olivine basalt. The potassium and silica content of these samples is shown in a K20-SiO ~ variation diagram in Fig. 1 .
The neutron activation procedure is basically that used in previous work (TowELL, 1963; SPnCN, 1965) but with some modifications (TowELL et al,, 1969) . The accuracy of the procedure as applied to the analyses of rock standards G-1 and W-1 is discussed by SCHILLING (1966) (WINCHELL, 1947) ; rare earth analyses were carried out on the same hand specimen as that used for published major element analyses except where indicated by-t-. b !Ylax/min concentri~tion ratios obtained within the 21 rocks. c Values adopted for best smooth curve normalized abundance patterns.
• depending on the element. Given in Table 1 are the estimated precisions for individual rare earths on the basis of 9 samples run with two reference solutions, combinations of 5 sets of duplicates, 3 sets of triplicates and 1 quadruplicate of the same or different sample solutions. The steps in the procedure consisted of dissolution of a 0.5 g sample, group isolation of the rare earths, neutron activation, reversed-phase partition chromatography, and radioactivity counting. Reagent blank corrections were negligible.
Results
The rare earth content in ppm of twenty lavas and one diabase are listed in Table 1 . These are listed approximately in the order of increasingly greater content of rare earths, particularly the light rare earths. The ratios of maximum to minimum concentrations for each rare earth in the 20 basalts and the diabase are found to vary from 15 to 3, generally being greater for the lower Z elements. (1965) . Source of data is given in Table 1 All concentrations in these lavas are considerably greater than the average rare earth abundances in 20 chondritic meteorites (ScH~ITT et al., 1963 H~s-Kin et a[., 1967) . Finally, the rare earth concentrations of G-1 and W-1 determined during this investigation, are shown in Table 1 for inter-laboratory comparison.
Discussion
On a Masuda-Coryell plot (MAsu])A, 1962; CORY]~LL et al., 1963) the rare earth pattern of each of the 21 lavas is smoothly and progressively enriched relative to the chondritic meteorites. The lighter rare earths are preferred while in the heavy region the concentrations stay relatively more constant. Lanthanum shows the maximum range of variation and will be used to illustrate quantitatively these variations with respect to the petrochemistry of these rocks. Fig. 2 shows the La abundance as a function of the commonly used differentiation index SiO~/3-~K20-MgO-FeO-CaO. Three main groupings are apparent: 1. In the low La concentration region, without apparent relationship to the index of differentiation, are ~he tholefites. 2. At intermediate La content, and systematically and logarithmically related to the index of differentiation, are the lavas of the alkali series. 3. At high La content and low values of index of differentiation, are the strongly silica undersaturated nepheline-melilite basalts. These three groupings, corresponding to three different lava series, perhaps suggest an independent origin for each group rather than being interrelated by a line of descent. Within the alkali series, however, a genetic relationship between the lavas that compose this series is implied. Variation diagrams showing smooth trends, as it is evident for the alkali series in Fig. 2 In our earlier report (ScHILLI~ and WmCH~STEg, 1966) , the same groupings corresponding to mineralogically well identified rock types were obtained from the rare earth patterns as a whole, as shown in Fig. 4 . These groups are: The tholeiites with the lowest rare earth content, followed by the rocks of the alkali series showing a break in the middle of the patterns and the nepheline-melilite basalts with the light rare earths strongly enriched and fraetionated relative to tholelites.
In summary, these three figures show a systematic relationship between the absolute or relative rare earth abundances and the petrochemistry of these rooks; confirming earlier suggestions that the rare earths fraetionation may reflect the past chemical history of volcanic rocks.
Genetic Relationships
The three main rock types, representing three possible magma types, can now be considered. These are (1) tholeiites, (2) the alkali olivine basalts including the slightly silica undersaturated basanite-basanitoids, and (3) the nephelinemelilite basalts. Their average rare earth contents are tabulated in Table 2 and the fraetionation patterns are shown in Fig, 5 . In these averages, the hawaiites, mugearite and traehy~e are not included, as there is very little doubt that these lavas represent derivative melts from the alkali olivine basalts (see variation diagram, Figs. 2 and 3) . ~ig. 5. Rare each abundance averages relative to 20 ehondri~s (SoH_~I,ZT et aL, 1963 and in: tholeiites, 48--53 % Si02 (black dots); alkali basalts, 42~7 % Si02 (crosses); and nephe-]ine-melilite basalts, 36--39 % SiO 2 (open circles), see Table 1 and 2 for data   Table 2 . Models for linking the tholeiites and the alkali olivine basalts, or the nephelinemelilite basalt by fractional crystallization were suggested on the basis of meager rare earth data of common rock-forming silicate mineral available at the time, or crystal-chemistry reasoning (ScH~L1-NG and Wr~c~ESTI~R, 1966) . Since then, rare earth partitioning factors between "phenocryst-volcanic matrix" applicable to this study, have been determined by SCH~TZLV,~ et al. (1967) . Their results on augite and feldspar from the Mauna Loa ankaramite are particularly pertinent to this study and support the model we previously suggested for deriving alkali G~L (1962) basalts from tholeiitie melts by extraction of augite, olivine and a limited amount of plagioclase feldspar. No adequate rare earth data on orthopyroxenes are yet available for checking the olivine-orthopyroxene extraction model we suggested for producing a derivative nepheline-melilite rich melt from a tholeiitic melt.
Other fractional crystallization models for production of such strongly silica undersaturated melts are also plausible on the basis of rare earth patterns. For example, extraction from a tholeiitie melt at depth, of garnet whose lattice strongly discriminate against the light rare earths (GoLDSC~MZDT and PloTless, 1931; SA~AMA, 1936; GAVl~ILOVA and TUI~A~SXAYA, 1958; and HASK~ et al., 1966) , could produce a residual melt with the nepheline-melilite rare earth pattern. Although plausible, these two models cannot yet be distinguished with our present knowledge. Rare earth data on additional phenocrysts and ultramafic inclusions found in some of these lavas may help the choice of mechanisms. As we have previously demonstrated theoretically (ScHILLrNG, 1966; SCHILLINO and WINCHESTER, 1967) , mechanisms other than fractional crystallization for deriving independently the three magma types are also plausible. The characteristic rare earth patterns shown in Fig. 5 can apparently also be obtained by different degrees o/ melting of mantle material. The tholeiite would be derived by a relatively slightly larger degree of melting than the alkali olivine basalt and the nepheline-melilite basalt by a very small degree of melting. However the two magmatic processes (i.e. fractional crystalization and partial melting models) are on the rare earth basis alone, at present, undistinguishable and equally likely. DALu (1944) suggestion that nepheline bearing melts (e.g. nepheline-melflite basalts) could be produced simply by assimilation of calcareous sediments can easily be tested by rare earth scrutiny. The rare earths in carbonate-bearing sediments and limestones are shown in Fig. 6 with the olivine tholeiite, and one nepheiine-melilite basalt as well. The limestones are consistently very low in rare earth abundances, and assimilation of such sediments by basalts in any proportions can hardly produce the high light rare earth enrichment and extreme fractionation observed in the nepheiinites. The resulting rare earth pattern for mixing alone would have to be intermediate between the original melt (e.g. tholeiite) and assimilated material (e.g. limestone).
Finally, the noticeable increase of the heavy rare earths with decreasing ionic size found for the trachyte merit brief comments. The same increase, although less marked, is observable for the late stage differentiates such as the mugearite, syenitic and granitic rocks. Volatfles may be important in determining the distribution of rare earths inasmuch as the smaller rare earth ions form stronger complexes in solution. Pegmatites which involve volatile transport show also a strong enrichment of the heavy rare earths (SAHAMA and VXHXTALO, 1939) . Hence the rare earth data would appear to be in no contradiction with SlzA~D (1933) and Trl~ and VERHOOO~ (1960) suggesting that volatile transport may have played an important role in the formation of trachyte.
In conclusion, it should be realized that the rare earth patterns observed in these lavas can significantly be influenced by (1) rare earth composition of source rocks in the mantle (i.e. "source e//ect"), (2) minerals involved during processes of partial melting and ascent of lavas to the surface (i.e. "mineral e//eet"), (3) mechanism of magma formation, fractionation and evolution including mixing processes (i.e. "dynamical or kinetic e/loots"), and possibly but to a lesser extent by (4) selective formation and transport of volatile rare earth complexes (i.e. "eomplexing el/oct").
This study establishes that the rare earth abundances in these lavas are closely and systematically related to their petrochemistry. Once factors influencing "whole rock" rare earth patterns in lava are better understood, important inferences on mantle composition and origin of volcanic rocks may be gained.
